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Abstract
This paper describes the development of an efficient reclaiming system for post combustion carbon capture 
technology. Impurities are emerging from the combustion of common fossil fuels (oil, coal or natural gas) such as 
SOx and NOx. They react with the CO2 capture solvent by forming complexes, which will accumulate in the 
aqueous solvent solution and reduce its performance. Consequently they must be removed through a reclaiming 
system. In contrast to conventional thermal based reclaiming systems the reclaiming system described in this paper
features a selective process based on crystallization to maximize solvent recycling and minimize residue disposal, 
hence minimizing operating costs. On the one hand it converts part of the component formed by SOx-absorption 
into a commercially reusable product (whilst simultaneously unblocking and recovering the solvent) and on the 
other hand it removes the formed heat stable salts and other impurities from the liquid solvent with a high efficiency. 
Experience has been gathered from pilot operation and the process has been validated and optimized. With this, a 
continuous full-scale design has been developed.
© 2014 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of GHGT.
Keywords: carbon capture and storage (CCS); reclaiming; CO2 capture; amino acid salt; PostCapTM
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
 Berthold U. Melcher et al. /  Energy Procedia  63 ( 2014 )  676 – 686 677
1. Introduction
The world’s demand for electricity is continuously rising caused by a rapidly growing population and furthermore 
by a progressing electrification of the world. Besides an increasing capability of renewable sources for electricity 
and an adherence to nuclear power, fossil fueled power plants remain the backbone of power generation [1]. To 
satisfy this demand, numerous new-builts are planned all around the world. Keeping the max. 2°C-goal for global 
warming in mind, this development longs for mature carbon capture techniques that reduce the climate impact of 
fossil fueled power stations [2].
Among the most advanced and engineered solutions for carbon capture are post combustion absorption-
desorption processes with aqueous amine solutions as solvents. These processes are well-known to the chemical and 
oil and gas industry and are reliably scale-able to required sizes. However, for power stations this CO2 capture 
approach is rather new, and the reluctance of operators to introduce a “chemical plant” into their power station is 
understandable. For that reason, Siemens has developed the PostCapTM process utilizing an amino acid salt (AAS) 
dissolved in water as solvent instead of an aqueous amine solution [3].
The advantages are inevitable. AAS are salts and are therefore non-volatile, which eliminates the threat of 
inhalation and of solvent loss via gas phase. Moreover many AAS are naturally occurring substances that are non-
toxic, non-explosive, odorless and bio-degradable. This leads to exceptional benefits for the operability of AAS-
based carbon capture units, so that they practically can be regarded as just another process unit and not as a chemical 
plant.
However, due to the AAS’ non-volatility and salt character, distillation is not an option for the unavoidably 
necessary solvent purification, the so called reclaiming. By reclaiming, flue gas impurities and solvent degradation 
products can be specifically withdrawn from the solvent, which considerably reduces the refill demand of fresh 
solvent and thus the capture plant OPEX.
One of the most common unit operations for solid separation is crystallization. Therefore Siemens has developed 
a proprietary reclaiming process for AAS-based solvents utilizing crystallization, which minimizes solvent 
consumption. Within this paper we present the core steps of the Siemens PostCapTM reclaiming process, go into 
detail of development and validation and show a thoroughly engineered full scale design.
Nomenclature
AA Amino acid
AAS Amino acid salt
BMWi German federal ministry for economic affairs and energy
CAD Computer aided design
CCM Carbon capture Mongstad project
OPEX Operating expenditures
PFD Process flow diagram
PostCapTM Siemens’ proprietary carbon capture process
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2. Main Part
2.1. Main impurities and basic approach for reclaiming
The main flue gas impurities that cause solvent deactivation are SOx and NOx. Their amount varies depending on 
the power plant type, the fuel source and the operating mode of the power plant. Therefore the Siemens PostCapTM
reclaiming technology foresees two independently operable reclaiming units, one for SOx-caused deactivation and 
one for NOx-based degradation.
2.2. SOx-reclaimer process development
Regarding SOx the basic stoichiometry reveals that 1 molecule of SOx (SO2 or SO3) deactivates 2 molecules of 
AAS. But the important issue here is that SOx deactivation of AAS is a reversible reaction! That means, by 
reclaiming, the solvent can be completely recovered, diminishing the demand for solvent refill. The underlying 
principle is that SOx entering the solvent loop is exhaustively transformed into SO42-, and this can be withdrawn 
from the AAS solution in the form of K2SO4 by crystallization. Thus for a sound design and sizing of the crystallizer 
within the SOx-reclaimer, the crystal growth rate and the separation behavior of the crystals must be known.
2.3. Crystal growth rate
The driving force for crystal formation and growth is supersaturation V, which is defined from the saturation 
concentration csat (where crystallization theoretically occurs) and the actual concentration c as:
sat
sat
c
cc 
 V = f (T, wt% AAS, CO2 loading) (eq. 1)
In case of the Siemens PostCapTM SOx-reclaimer, cooling is used to lower the solubility of potassium sulfate. In 
systematic solubility experiments it was found out that the metastable zone of K2SO4 in solvent is conveniently
wide, practically preventing uncontrolled particle formation by e.g. accidental cold spots. Assuming that the 
available surface area of seed crystals remains constant in the continuous process (by prevention of excessive stirring 
or cooling) and ideal mixing within the crystallizing zone, the following rate equation can be formed:
tAk
satsat ecccc
  )( 0 (eq. 2)
Thus the rate constant kA can be obtained from measuring the decay of supersaturation in a batch crystallization 
by linear regression of the plot 
sat
sat
cc
cc


0
ln versus t for a given AAS concentration. The following results have 
been obtained with a solvent dilution and CO2 loading characteristic for most industrial carbon capture projects. The 
importance of real-life experiments in a non-laboratory environment and testing experience can be seen from the 
following comparison:
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Figure 1: Decay of supersaturation in fresh solvent 30wt%, loaded 
with CO2  
Figure 2: Decay of supersaturation in intensively used solvent 
(reclaimed) 30wt%, loaded with CO2  
Figure 1 shows the results for crystallization of K2SO4 in fresh off-the-shelf solvent that has not been used in a 
carbon capture plant. Figure 2 depicts the results of the same experiments with used solvent from Siemens’ carbon 
capture pilot plant, which in 2009 was installed at E.ON’s coal fired power station Staudinger, close to Hanau, 
Germany. It becomes obvious that crystallization kinetics are affected by solvent impurities that form during 
operation. This was taken into account during dimensioning of the solvent reclaiming system.
Not only flue gas impurities and degradation products are part of the solvent mixture but also on-purpose 
additives like de-foaming agents. Consequently, the impact of various amounts of these substances on the 
crystallization behavior was investigated. Exemplary, the results for one commercially available agent are shown in 
the following diagram:
Figure 3: Crystallization speed as a function of the de-foaming agent amount at 30wt% using fresh solvent.
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From this plot the conclusion can be drawn that the used de-foaming agent has no remarkable impact on the 
crystallization rate of K2SO4.
Concluding the shown measurements and results of other not shown crystallization experiments, it can be stated 
that the situation is significantly different for fresh and used solvent. In fresh solvent the rate of crystallization is 
high (see above) but is a function of solvent concentration (not shown). The higher the AAS content, the lower the 
crystal formation rate. In contrast, solvent concentration is negligible in used solvent (not shown).  Here various 
impurities and degradation products in the solvent lead to a significantly reduced rate constant (see above). The 
concentration of de-foaming agent however has no impact on crystallization; neither in fresh nor in used solvent (see 
Figure 3). With these results a design of an industrial reclaiming vessel is possible by common up-scaling 
approaches. As additional threshold, conservatively, the lowest measured rate constant was used in designing a full-
scale Siemens SOx-reclaimer.
2.4. Solid separation
The next step for process design was the development of a reliable solid production and separation method. Thus 
milestone 1 was to accomplish a continuous cooling crystallizer with benign crystal growth to ensure an easy 
filtration. The larger the crystals are the more facile is their separation. Residence time is important for growth, so 
the geometry of the crystallizer was designed to allow for an internal classifying by a decanter zone. Furthermore, a 
second outlet pump was installed that removes particle lean solvent from the decanting zone besides the main outlet 
pump at the bottom of the crystallizer, increasing the crystals’ residence time within the crystallizer. A customized 
stirrer configuration validated by CFD simulation serves for almost ideal mixing of growing particles within the 
crystallizing zone, whereas larger particles are allowed to settle at the slurry outlet (see Figure 4).
   
a) CAD of pilot crystallizer with 
integrated decanter zone b) PFD of crystallizer with second outlet pump
c) 8 l vessel w/ settling zone and large 
crystals in Siemens’ process lab in 
F/Höchst
Figure 4: Design of the K2SO4 crystallizer
With this advanced setup crystals of several hundred micrometers in length can be obtained which are convenient 
for separation with commercially available equipment (see Figure 5a) and b)). From a vessel design point of view 
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this increase of crystal size and crystal concentration leads to a remarkable reduction in volume of the crystallizer 
and thus to a reduction of invest.
Figure 5: K2SO4 crystal sizes with conventional and advances vessel setup
Milestone 2 was the set-up of an efficient, scalable filtration system that is suitable for continuous, industrial 
application. For this, the equipment of choice is a centrifuge. Supplier experiments have been carried out underlining 
the expected results. Besides a high separation efficiency also a high product purity was in the focus to reach resale 
quality of the K2SO4 e.g. for the fertilizer industry. A commercially available filter centrifuge reaches both efficiency 
and purity by purging the solids with demineralized water to remove adhering solvent and simultaneously 
dewatering the crystals down to <10 wt% moisture in one step. 
Concluding, with crystallization, Siemens has developed an elegant way to clean an AAS-based capture solvent 
from sulfur impurities. The PostCapTM SOx-reclaimer reactivates the solvent without perceivable losses and at the 
same time delivers a noteworthy product stream of market value. In principle, for processing in the SOx-reclaimer, 
there is no limitation on the SOx load in the flue gas, which determines the quantity of the product stream. However, 
the trade-off between flue gas pre-treatment and SOx-reclaimer is a matter of economic evaluation.  
  
a) Crystal size with standard crystallizer set-up b) Crystal size with advanced set-up
682   Berthold U. Melcher et al. /  Energy Procedia  63 ( 2014 )  676 – 686 
2.5. NOx-reclaimer process development
A different approach is necessary to clean the capture solvent from NOx-induced degradation products and other 
impurities. Whereas NO is not absorbed and thus does not affect the solvent, NO2 leads to the irreversible formation 
of various degradation products. This is the case for all solvents containing an amino group. The non-volatile 
compounds are generally summarized as “heat stable salts (HSS)”. Also oxygen and high temperatures promote an 
irreversible solvent degeneration. The PostCapTM solvent has the advantage of being very stable towards these latter 
factors. Nonetheless some degradation will occur and the products will gradually accumulate in the solvent. In 
contrast to the well-defined impurity from SOx the challenge regarding NOx, oxygen and temperature is the broad 
variety of substances that have to be removed. Once more the method of choice for PostCapTM is crystallization. But 
in contrast to the SOx-reclaimer, here the value compound, namely the amino acid AA itself (on which the salt AAS 
is based) is being crystallized and separated from the remaining impurities. 
The process works as follows: First step is an evaporation of part of the water in a commercial falling film 
evaporator to increase the AAS concentration. Supersaturation is achieved via a pH-shift from the alkaline to the 
more acidic region since amino acids have their lowest solubility at their isoelectric point (see Figure 6). The pH is 
lowered to trigger crystallization. Continuous filtration is carried out on a belt filter to separate AA crystals which 
are subsequently re-dissolved in demineralized water yielding a purified solvent solution ready to be returned to the 
capture process.
Figure 6: Schematic pH-dependence of AAS solubility
All steps were thoroughly researched in lab scale experiments. Thereby an advanced washing procedure was 
developed ensuring effective filtration and lowest possible contamination of the AAS crystals with adhering solvent 
residue (see Figure 7).
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Figure 7:  Squeeze-washing step of AAS crystals in lab scale
This development was followed by supplier experiments to verify the industrial applicability of the preferred 
procedure. Result is a proven concept and a sound database for scale-up of the filter unit. A commercially available 
belt filter was confirmed to be the separation machinery of choice for the NOx-reclaimer. The remaining solvent 
residue is partly recycled within the process to ensure a maximized crystal yield and a minimized liquid waste.
The reclaiming steps so far described have not only been investigated in separate experiments, but a complete 
SOx- and NOx-reclaimer has been set up at our laboratories in Frankfurt/Hoechst (see Figure 8). This pilot reclaimer 
is highly automated (Siemens PCS7) and capable of fully reclaiming the solvent demand of our PostCapTM
Staudinger pilot plant.
Figure 8: Fully automated SOx- and NOx-reclaimer pilot plant
Product from bag filter
(up to 40% moisture)
Mother liquor drain-off under 
vacuum (reduction of the filter 
cake volume by 20-30%)
Pre-dried product
(10-20% moisture)
Squeeze-washed product
(0–10% moisture, mainly water)
1) Addition of water (5-10% of the cake volume 
added by spraying)
2) Mother liquor drain-off under vacuum 
(reduction of the filter cake volume by 10%)
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2.6. Full scale design in modular transportable units
Operational experience gained from the pilot reclaimer supported the full scale design, which is described here 
for an actual project but is intended for general application.
From 2011 until its end in 2013 Siemens took part in the various stages of the Carbon Capture Mongstad project. 
At the refinery at Mongstad, a combined heat and power station (CHP) fired with natural gas is delivering 280 MW 
of electricity and 350 MW thermal energy to the refinery. Aim was the thorough basic design of a capture plant 
capable of reducing the carbon dioxide output of two gas turbines by >87 %. This large scale CO2-capture facility 
should have separated 1.2 million tons of CO2 per year. The flue gas flow to treat was more than 3000 t/h with a SO2
content of 0.2 ppmv yielding a mass flow of 1.4 kg/h and a NO2 concentration of 0.5 ppmv summing up to a load of 
2.5 kg/h NO2.
The decision was to design a fully automated reclaimer continuously treating a split stream of the full solvent 
cycle. The two units, SOx and NOx-reclaimer, were aligned in series, first SOx- then NOx-reclaimer, but 
independent operation was made possible by separate connections to the capture process. Due to different operation 
ranges, two different split streams had to be treated. The flow to the SOx-reclaimer was designed to around 3500 
kg/h from which about 1000 kg/h were sent to the NOx-reclaimer. These boundary conditions defined the equipment 
dimensions. For optimized logistics further limitations were set. To minimize site work at Mongstad, the reclaimer 
units were designed as skid-mounted units suitable for road transport. Thus each skid must not exceed dimensions of 
L x W x H 13.5m x 4m x 3.5m. For EHS reasons two separate access routes to each floor were foreseen, furthermore 
a complete cladding of the assembled skids and a full heating and ventilation. The result of this design effort can be 
seen in the following pictures (see Figure 9).
       
Figure 9: 3D-drawing of the full-scale reclaimer designed for CCM
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The SOx-reclaimer consists of one vertical skid next to the external ladder construction. The NOx-reclaimer is 
realized in one vertical and three horizontal skids. Both reclaimer units include the de-watering units for sulphates 
and for waste. In red the escape routes are indicated, green are maintenance access ways and yellow are the HVAC 
channels. The cladding is not depicted. The shown arrangement was developed with experienced skid assemblers, 
guaranteeing verified constructability and transportability. By this modular approach the reclaimer can be placed 
anywhere within the capture plant, preferably close to storage of fresh solvent and un-/loading facilities for residue 
handling. Compared to the overall dimensions of the capture plant (1.2 million tons of CO2 separated per year from 
natural gas combustion) the required space for the reclaimer unit is very small.
Monitoring and operation of the reclaimer is possible from the capture plant control room. For start-up and 
maintenance also a separate control panel is installed in the reclaimer itself. Automation and reliability had a high 
priority during design for keeping the required personnel low. Besides regular inspection visits, the only planned 
manual work is the exchange of the full K2SO4 big bag in the SOx-reclaimer by an empty one once a week. All 
reclaimer equipment is overdesigned by approx. 20%. This allows for removal of solvent impurities at 100% capture 
plant load and in addition coverage of fluctuating SOx- and NOx-loads of the flue gas and maintenance interruptions
of the reclaimer (while the capture plant continues operation).
3. Conclusion
In this presentation some examples of research have been outlined that were carried out by Siemens to develop a 
solvent reclaiming system for its amino acid salt based carbon capture process PostCapTM. The AAS-technology has 
the advantage of negligible vapor pressure of the active compound overcoming the problem of solvent loss via gas 
phase and featuring advanced safety issues compared to all other amine based technologies. The challenge that 
distillation is not an option for AAS solvent purification was solved by the Siemens researchers by engineering two 
crystallization processes as core steps of the two independent Siemens PostCapTM reclaimers. 
SOx-based impurities lead to the formation of K2SO4 in the solvent. The crystallization kinetics of K2SO4 were 
obtained by numerous experiments yielding a sound basis for engineering and design of a reliable continuous 
process. Furthermore it was shown that process inherent additives like de-foaming agents have no impact on the rate 
of crystal formation. The advantage of this reclaiming approach is that no solvent loss occurs since deactivation of 
AAS by SOx is reversible. That means that basically all SOx loads in the flue gas can be handled without solvent 
loss. Moreover, the product stream of sellable fertilizer-quality K2SO4 increases and generates value.
Crystallization is also the method of choice for solvent purification from heat stable salts and other degradation 
products that are generated by NO2, oxygen and excessive heat. In contrast to the SOx-reclaimer, here not the waste 
but the value product AA is crystallized. A separation and purging procedure was developed yielding pure AA 
crystals and minimizing carryover of impurities. The continuous large scale separation of the pure AA crystals from 
the mother liquor was engineered for application of a belt filter. Elaboration of crystallization steps for both 
reclaimers went hand in hand with equipment supplier experiments. 
For the full scale carbon capture design study within the Mongstad CCM project, the reclaiming processes were 
engineered and scaled-up to power plant relevant size. In close cooperation with renowned assemblers, the Siemens 
PostCapTM reclaimers were designed as skid mounted units ready for one-piece road transport and facile on-site 
installation. Focus during layout planning lay on safety issues, easy access and maintenance. Result was a modular, 
independently operable reclaiming unit, versatile for different modes of operation, compact in size compared to the 
capture plant and reliable in its processes. For larger applications these units can simply be numbered up.
In total this thoroughly engineered and robust reclaiming unit ensures the advantages of an amino acid salt based 
carbon capture process like the Siemens PostCapTM technology.
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